Introduction
============

Acute myeloid leukemia (AML) comprises a heterogeneous group of hematological malignancies characterized by expansion of clonal myeloid blasts in the bone marrow, blood, and other tissues. About 21,380 new AML cases and 10,590 deaths from this disease were reported in 2017 by the American Cancer Society.[@b1-ott-11-2925] Despite the advancements in modern chemotherapy, the prognosis of patients with AML has remained poor.[@b2-ott-11-2925],[@b3-ott-11-2925] Identifying the mechanisms involved in AML metastasis may lead to innovative treatment methods and improved patient outcomes.

PDIA3, known as ERp57 or glucose-regulated protein, has a molecular weight of 58 kDa and is a thiol-oxidoreductase chaperone belonging to the protein disulfide isomerase (PDI) family.[@b4-ott-11-2925] PDIA3 expression has been observed in various types of human cancers, including ovarian, mammary, uterine, pulmonary, and gastric cancers, and hepatocellular carcinoma.[@b4-ott-11-2925] It is reported that PDIA3 expression is significantly increased in hepatocellular carcinoma, and high PDIA3 expression is associated with cancer cell proliferation and poor prognosis.[@b5-ott-11-2925] PDIA3 is also highly expressed in a newly established serous ovarian cancer cell line, YDOV-139.[@b6-ott-11-2925] PDIA3 expression is increased in primary ductal breast cancer with lymph node metastasis.[@b7-ott-11-2925] However, no studies have yet demonstrated the exact role of PDIA3 in AML, and the pathways that signal PDIA3 to exert its function have not been elucidated. Consequently, a possible involvement of PDIA3 subfamily in the development and progression of AML, a malignancy originating from the hematopoietic system, was proposed.

We previously found that PDIA3 expression was remarkably increased in AML patients. Therefore, in this study, we focused on the effect of PDIA3 siRNA on the migration and invasion in HL-60 and HEL cells, which markedly expressed PDIA3. Moreover, the underlying mechanisms have been investigated to provide a basis for the treatment of AML.

Materials and methods
=====================

Patients and tissue samples
---------------------------

Bone marrow cells were collected from 20 patients newly diagnosed with AML admitted to Ningbo First Hospital of Zhejiang University. Twenty healthy bone marrow donors served as normal controls. Preoperative clinical and pathological follow-up data were completed by all the patients. Written informed consent was obtained from the study subjects before the use of these clinical samples, and the study protocol was approved by the ethics committee of Ningbo First Hospital of Zhejiang University.

Cell culture
------------

6TCM, HL-60, K-562, THP-1, HEL, and A3 cells were obtained from the Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, People's Republic of China) and cultured in RPMI medium (St Louis, MO, USA) supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO~2~.

siRNA transfection
------------------

For siRNA transfection, HL-60 and HEL cells, which were selected for transfection due to high PDIA3 expression confirmed by Western blot, were seeded into 12-well tissue culture plates at a density of 6 × 10^4^ cells/well. The PDIA3 siRNA or control siRNA (GenePharma, Shanghai, People's Republic of China) were then transfected into cells by using Lipofectamine™ 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. After 48 h, the transfected cells were collected and processed for subsequent experiments.

Cell proliferation
------------------

Cell proliferation was evaluated by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2*H*-tetrazolium bromide (MTT) assay. Cells were seeded into 96-well plates at a density of 2,000 cells per well and cultured for indicated times, followed by incubation at 5% CO~2~ and 37°C following the manufacturer's instructions. Absorbance was measured at 490 nm using a microplate reader absorbance test plate (Molecular Devices, San Jose, CA, USA). Cells were detected from three wells per group.

Annexin V-propidium iodide apoptosis detection
----------------------------------------------

The cell apoptosis rate was detected by flow cytometry using an Annexin V-FITC apoptosis detection kit (Nanjing Keygen Biotechnology Co. Ltd., Nanjing, People's Republic of China). Following 48-h transfection, the cells were collected, washed with ice-cold PBS, and then resuspended in 500 μL binding buffer at a concentration of 1 × 10^6^ cells/mL. Subsequently, 5 μL Annexin V-FITC was added and incubated for 10 min at room temperature. After addition of 5 μL propidium iodide, the cells were analyzed using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Cell invasion and migration assay
---------------------------------

Invasion and migration activity of HL-60 and HEL cells were determined using a 24-well transwell chamber coated with or without Matrigel (Becton Dickinson) on the upper surface of the membrane with 8 μm pore size (Sigma-Aldrich). Briefly, the transfected cells (1 × 10^4^ cells/well) were added in a volume of 100 μL serum-free medium to the upper transwell chamber. The lower chamber was filled with medium containing 10% FBS. After 24-h incubation, the cells that had invaded or migrated to the lower surface of the filter were counted visually under a microscope (OLYMPUS).

Western blot analysis
---------------------

Protein concentrations were determined using a BCA protein assay kit (Thermo Fisher Scientific). An equal amount of proteins per sample was loaded and separated by 10% sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by electrotransfer onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, USA). Following blocking with 5% skimmed-milk powder in Tris-buffered saline containing 0.05% Tween-20 for 1 h, the membranes were incubated with antibodies specific for MAT1, caspase-9, RhoC, CDK1, phosphorylation (p-) P38, P38, p-JNK, JNK, p-extracellular regulated protein kinase (ERK), ERK, PCNA, and GADPH overnight at 4°C. Subsequently, the membranes were washed and incubated with 1:1,000 dilutions of horseradish peroxidase-conjugated secondary antibodies for 1 h. The bands were visualized using enhanced chemiluminescence detection kit (Santa Cruz Biotechnology, Dallas, TX, USA).

Bioinformatics analysis
-----------------------

The gene set enrichment analysis (GSEA) of pathways and genes was performed based on the Cancer Genome Atlas (TCGA) dataset using the GSEA version 2.0 from the Broad Institute at MIT. In this analysis, the gene sets of fewer than 10 genes were excluded. The *t*-statistic mean of the genes was computed in each Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. Using a permutation test 1,000 times, *P* ≤ 0.01 was chosen as the significance level cutoff for the most significant pathways related to PDIA3 expression.

Statistical analysis
--------------------

All results are presented as the mean ± SD of three independent experiments. Data for multiple comparisons were subjected to one-way analysis of variance with SPSS version 13.0 followed by Dunnett's test. *P* \< 0.05 was considered statistically significant.

Results
=======

High PDIA3 expression in the bone marrow of AML patients as well as in AML cell lines
-------------------------------------------------------------------------------------

We first identified PDIA3 expression in the bone marrow of AML patients and controls by RT-PCR. As displayed in [Figure 1A](#f1-ott-11-2925){ref-type="fig"}, compared with that of normal control, the bone marrow of AML patients showed a remarkable increase in mRNA expression of PDIA3 (*P* \< 0.05), suggesting that overexpression of PDIA3 may be involved in the initiation and/or progression of AML.

PDIA3 expression was also examined in AML cell lines by RT-PCR and Western blot analysis. As shown in [Figure 1B and C](#f1-ott-11-2925){ref-type="fig"}, results from RT-PCR and Western blot showed that mRNA and protein levels of PDIA3 in HL-60 and HEL cells were higher than those in other cell lines. As a result, HL-60 and HEL cell lines were used to conduct further investigations.

Effect of PDIA3 siRNA on apoptosis of HL-60 and HEL cells
---------------------------------------------------------

PDIA3 mRNA was interfered in HL-60 and HEL cell lines as previously described. The interference efficiency was then identified by RT-PCR and Western blot analysis. RT-PCR and Western blot analysis showed that protein levels declined dramatically in PDIA3 siRNA group in both the cell lines compared with the control and mock groups ([Figure 2A and B](#f2-ott-11-2925){ref-type="fig"}). Cell proliferation was then determined by MTT assay. As shown in [Figure 2C](#f2-ott-11-2925){ref-type="fig"}, the viability of both HL-60 and HEL cells in the siRNA group was significantly decreased at 24 and 48 h compared with the control and siNC groups (*P* \< 0.01).

PDIA3 siRNA induced apoptosis and inhibited invasion and migration of HL-60 and HEL cells
-----------------------------------------------------------------------------------------

After 48 h of transfection, cell apoptosis was analyzed using flow cytometer. As depicted in [Figure 3A and B](#f3-ott-11-2925){ref-type="fig"}, compared with the control and siNC groups, the PDIA3 siRNA group displayed a significant increase in the percentage of apoptotic HL-60 and HEL cells in all the phases (*P* \< 0.01).

The transwell invasion test results are presented in [Figure 3C](#f3-ott-11-2925){ref-type="fig"}. Transfection of PDIA3 siRNA resulted in a significantly weakened invasive ability of HL-60 and HEL cells as compared with that of the control and siNC groups (*P* \< 0.01). Consistently, as shown in [Figure 3D](#f3-ott-11-2925){ref-type="fig"}, the migration ability of HL-60 and HEL cells in the PDIA3 siRNA group was dramatically declined than that of control and mock cells (*P* \< 0.01). Our data suggested that interference of PDIA3 reduces the migration and invasion ability of HL-60 and HEL cells.

PDIA3 siRNA regulated the expression of MAT1, PCNA, caspase-9, RhoC, and CDK1
-----------------------------------------------------------------------------

To elucidate the potential mechanism underlying PDIA3-induced cell invasion and migration, the expression levels of PCNA, MAT1, caspase-9, RhoC, and CDK1, which are closely associated with cell proliferation, invasion, and migration, were measured by Western blotting. [Figure 4A and B](#f4-ott-11-2925){ref-type="fig"} reveals a significant decrease in protein levels of PCNA, CDK1, RhoC, and MAT1, but an evident increase in caspase-9 expression in the PDIA3 siRNA group compared with those in the control and siNC groups (*P* \< 0.01). The results indicated that PDIA3 siRNA may exert an antitumor effect via regulation of MAT1, PCNA, caspase-9, RhoC, and CDK1 expression.

PDIA3-associated pathways in AML
--------------------------------

To further explore the role of PDIA3 in AML, we performed GSEA in AML samples with higher PDIA3 expression versus those with lower PDIA3 expression based on TCGA dataset. Our data implied that higher PDIA3 expression in AML samples was positively correlated with KEGG oxidative phosphorylation and amino sugar and nucleotide sugar metabolism pathways ([Figure 5A](#f5-ott-11-2925){ref-type="fig"}).

To further validate the GSEA results, we then detected the protein expression of oxidative phosphorylation (COX2 and COX5A) and amino sugar and nucleotide sugar metabolism pathway-related proteins (UGP2 and UAP1) in PDIA3-silenced AML cells. The levels of detected protein were significantly decreased in both HEL and HL-60 cells ([Figure 5B](#f5-ott-11-2925){ref-type="fig"}) after the downregulation of PDIA3.

Effect of PDIA3 siRNA on MAPK signaling
---------------------------------------

Accumulating evidence suggests that MAPK signaling plays a crucial role in carcinoma growth and metastasis. We then evaluated the phosphorylation (p-) of P38, JNK, and ERK by Western blotting. As shown in [Figure 6A and B](#f6-ott-11-2925){ref-type="fig"}, PDIA3 siRNA significantly decreased the p-P38, p-JNK, and p-ERK expression compared with that in the control and siNC groups (*P* \< 0.01). The results implied that PDIA3 siRNA inhibited cell proliferation, invasion, and migration, and induced cell apoptosis, possibly by suppressing MAPK phosphorylation.

Discussion
==========

AML is the most common type of acute leukemia in adults, with over 20,000 new diagnoses each year in the US.[@b8-ott-11-2925],[@b9-ott-11-2925] AML usually results from a cooperative effect of several independent mutations that lead to cell malignant transformation. Several oncogenes that are most often activated in AML have been characterized.[@b10-ott-11-2925]--[@b12-ott-11-2925] Interference of the involved critical genes or proteins is considered as a favorable strategy. Located at 15qn5, PDIA3 is reported to be a PDI. Increased PDIA3 expression was associated with an elevated Ki-67 index, indicating increased cancer cell proliferation, reduction in apoptotic cell death, and poor prognosis. Recent studies have shown that PDIA3 regulates cell invasiveness in cervical cancer and that a high level of PDIA3 is associated with a low patient survival rate.[@b13-ott-11-2925] As reported in our study, notable elevated expression of PDIA3 in bone marrow tissues of myeloid leukemia was found, proposing a new question about the role of PDIA3 in human AML development and progression. Consequently, the subsequent work was designed to explore the effect of PDIA3 siRNA on tumor migration and invasion in human AML.

The present study focused on the biological role of PDIA3 in AML. Notably, upregulated expression of PDIA3 was found in tissues of AML patients when compared with those of the healthy controls. HL-60 and HEL cell lines were further investigated for high expression of PDIA3. Our research revealed that PDIA3 siRNA significantly suppressed proliferation, invasion, and migration of AML HL-60 and HEL cells. PDIA3 siRNA also induced apoptosis of AML cells. Moreover, we demonstrated that the above effects may be mediated through the inhibition of PCNA, CDK1, RhoC, and MAT1 expression, and the promotion of caspase-9 expression at the protein level. The phosphorylation of P38, JNK, and ERK was also inhibited by PDIA3 siRNA in AML cells. Taken together, these findings indicated that PCNA, CDK1, MAT1, RhoC, and caspase-9, and MAPK signaling play a pivotal role in the process of antiproliferation, anti-invasion, antimigration, and apoptosis-induction triggered by PDIA3 siRNA.

We first found that siRNA of PDIA3 effectively inhibited cell proliferation and induced cell apoptosis. PCNA is a cyclin that is generally expressed in the S phase of the cell cycle.[@b14-ott-11-2925] CDK1 is one of the core regulatory proteins in cell cycle regulation.[@b14-ott-11-2925] In our results, siRNA of PDIA3 significantly suppressed the expression of PCNA and CDK1. Caspase-9 is a crucial element in cell apoptosis[@b15-ott-11-2925] and is upregulated, notably, by PDIA3 siRNA treatment. Tumor cell invasion and migration is the essential process in the metastasis of malignant tumor. MTA1 is a stress response protein that is upregulated in various stress-related situations, and cancer cells mostly live in a stressful environment. To cope with all these stresses, the expression of MTA1, which plays the role of a master regulator of gene expression, is upregulated and helps cancer cells to survive and migrate out of their original site.[@b16-ott-11-2925] It is reported that RhoC overexpression can give rise to cell invasion through regulation of cytoskeletal proteins and destruction of polarity in cancer cells. Our study showed that PDIA3 siRNA significantly inhibited the expression of MTA1 and RhoC.

To further explore the role of PDIA3 in AML, we performed GSEA of AML samples. In the present study, GSEA data indicated that higher PDIA3 expression was positively correlated with KEGG oxidative phosphorylation and amino sugar and nucleotide sugar metabolism pathways in AML samples. AML occurrence and progression depend upon oxidative phosphorylation and amino sugar and nucleotide sugar metabolism pathways.[@b17-ott-11-2925],[@b18-ott-11-2925]

The expressions of oxidative phosphorylation-related factors (COX2 and COX5A[@b19-ott-11-2925]) and amino sugar and nucleotide sugar metabolism pathway-related factors (UGP2 and UAP1[@b20-ott-11-2925]) were significantly suppressed by PDIA3 knockdown. These data suggested the roles of PDIA3 on oxidative phosphorylation and amino sugar and nucleotide sugar metabolism, accounting for AML carcinogenesis. MAPK pathway is one of the most extensively studied protein kinase pathways, which can be subdivided into three subtypes, including ERK1/2, P38, and JNK.[@b21-ott-11-2925],[@b22-ott-11-2925] As an important signaling pathway in mammals, MAPK signaling pathway is stimulated by cytokines and involved in cell proliferation, differentiation, apoptosis, adhesion, invasion, metastasis, immunoregulation, and other important biological processes in AML.[@b23-ott-11-2925],[@b24-ott-11-2925]

Collectively, we have demonstrated that PDIA3 siRNA effectively enhanced apoptosis and suppressed proliferation, invasion, and migration of AML HL-60 and HEL cells by regulating proliferation and metastasis-related proteins, oxidative phosphorylation and amino sugar, and nucleotide sugar metabolism pathways, and MAPK signaling. We will confirm these findings at in vivo level. These findings may elucidate the molecular mechanism underlying the effect of PDIA3 siRNA on cell growth, apoptosis, migration, and invasion in AML, and lead to the development of therapeutic approaches for the disease.

This work was supported by Scientific Research Program of Shanghai Municipal Commission of Health and Family Planning (program number 201540178).

**Disclosure**

The authors report no conflicts of interest in this work.

![PDIA3 expression in 20 bone marrow tissues of acute myeloid leukemia (AML) and normal tissues.\
**Notes:** (**A**) Twenty bone marrow tissues of AML patients were collected and 20 healthy bone marrow donors served as normal controls. The mRNA expression of PDIA3 was identified by RT-PCR. PDIA3 expression was measured by RT-PCR (**B**) and Western blot (**C**) in 6T-CEM, HL-60, K-562, THP-1, HEL, and A3 cells. Data were presented as mean ± SD, n = 6.\
**Abbreviation:** GADPH, glyceraldehyde 3-phosphate dehydrogenase.](ott-11-2925Fig1){#f1-ott-11-2925}

![PDIA3 siRNA inhibits cell proliferation.\
**Notes:** HL-60 and HEL cells were transfected with PDIA3 siRNA, and mRNA expression and protein expression of PDIA3 were examined by RT-PCR (**A**) and Western blot analysis (**B**), respectively. (**C**) Cell proliferation of control, siNC, and siRNA groups of HL-60 and HEL cells was identified by MTT assay. \**P* \< 0.01 compared with the control cells; \*\**P* \< 0.01 compared with the siNC cells. Data are expressed as the mean ± SD, n = 6.\
**Abbreviation:** GADPH, glyceraldehyde 3-phosphate dehydrogenase.](ott-11-2925Fig2){#f2-ott-11-2925}

![PDIA3 siRNA induces cell apoptosis and inhibits cell migration and invasion.\
**Notes:** (**A** and **B**) After PDIA3 siRNA transfection for 48 h, cell apoptosis of HL-60 and HEL cells was identified by flow cytometry. (**C** and **D**) Transwell assay was used to identify the migration and invasion of HL-60 and HEL cells following PDIA3 siRNA treatment for 48 h. \**P* \< 0.01 compared with the control cells; \*\**P* \< 0.01 compared with the siNC cells. Data are expressed as the mean ± SD, n = 6. Magnification ×400.](ott-11-2925Fig3){#f3-ott-11-2925}

![Effect of PDIA3 siRNA on expressions of PCNA, CDK1, MAT1, RhoC, and caspase-9.\
**Notes:** After PDIA3 siRNA treatment for 48 h, Western blot was utilized to analyze the protein levels of PCNA, CDK1, MAT1, RhoC, and caspase-9 in HL-60 (**A**) and HEL (**B**) cells. GAPDH was also detected as the control of sample loading. \**P* \< 0.01 compared with the control cells; \*\**P* \< 0.01 compared with the siNC cells. Data are expressed as the mean ± SD, n = 6.\
**Abbreviation:** GADPH, glyceraldehyde 3-phosphate dehydrogenase.](ott-11-2925Fig4){#f4-ott-11-2925}

![Mechanisms of how PDIA3 exerts its function in AML.\
**Notes:** (**A**) Gene set enrichment analysis in AML patients with higher PDIA3 expression versus lower PDIA3 expression based on the Cancer Genome Atlas datasets. Oxidative phosphorylation and amino sugar and nucleotide sugar metabolism pathways have the strongest association with higher expression of PDIA3. (**B**) Western blot was utilized to analyze the protein levels of COX2, COX5A, UGP2, and UAP2 in HL-60 and HEL cells. GAPDH was also detected as the control of sample loading. \**P* \< 0.01 compared with the control cells; \*\**P* \< 0.01 compared with the siNC cells. Data are expressed as the mean ± SD, n = 6.\
**Abbreviations:** GADPH, glyceraldehyde 3-phosphate dehydrogenase; NES, normalized enrichment score.](ott-11-2925Fig5){#f5-ott-11-2925}

![Effect of PDIA3 siRNA on MAPK signaling.\
**Notes:** After PDIA3 siRNA treatment for 48 h, Western blot was utilized to analyze the protein levels of p-P38/P38, p-JNK/JNK, and p-ERK/ERK in HL-60 (**A**) and HEL (**B**) cells. GAPDH was also detected as the control of sample loading. \**P* \< 0.01 compared with the control cells; \*\**P* \< 0.01 compared with the siNC cells. Data are expressed as the mean ± SD, n = 6.\
**Abbreviation:** GADPH, glyceraldehyde 3-phosphate dehydrogenase.](ott-11-2925Fig6){#f6-ott-11-2925}
